Repeating a recorded word produces verbal transformations (VTs); perceptual regrouping of acousticphonetic elements may contribute to this effect. The influence of fundamental frequency (F0) and lateralization grouping cues was explored by presenting two concurrent sequences of the same word resynthesized on different F0s (100 and 178 Hz). In experiment 1, listeners monitored both sequences simultaneously, reporting for each any change in stimulus identity. Three lateralization conditions were used e diotic, ±680-ms interaural time difference, and dichotic. Results were similar for the first two conditions, but fewer forms and later initial transformations were reported in the dichotic condition. This suggests that large lateralization differences per se have little effect e rather, there are more possibilities for regrouping when each ear receives both sequences. In the dichotic condition, VTs reported for one sequence were also more independent of those reported for the other. Experiment 2 used diotic stimuli and explored the effect of the number of sequences presented and monitored. The most forms and earliest transformations were reported when two sequences were presented but only one was monitored, indicating that high task demands decreased reporting of VTs for concurrent sequences. Overall, these findings support the idea that perceptual regrouping contributes to the VT effect.
Introduction
It has long been known that repeating aloud a word to oneself over and over leads to the sound of that word losing its meaning (e.g., Titchener, 1915, pp. 26e27) ; this lapse in meaning is called verbal satiation. A closely related phenomenon is the verbal transformation effect (VTE), in which listeners report changes in verbal form when a recording of a spoken word is repeated many times (Warren, 1961a ; for reviews, see Warren, 1996 Warren, , 2008 . The VTE involves a series of abrupt changes in the perception of the speech signal, some to new forms and others back to forms previously reported. Notably, these alternative forms often involve complex phonetic distortion of the stimulus. The VTE is not simply a laboratory curiosity; it can provide insights into how the auditory system processes ambiguous sensory information and switches between alternative interpretations of that information.
The changes in verbal form which characterize the VTE were originally interpreted mainly in terms of linguistic processes. Specifically, it has been argued that verbal satiation (adaptation) of a given form occurs once that form has been perceived for a time and a new perceived form emerges from among competing lexical candidates (or sometimes phonologically plausible non-words) as a result of criterion shift (Warren, 1968) . These processes continue and the new form itself undergoes satiation, replacement, and recovery from adaptation. More generally, the VTE has been seen as related to changes in the perception of connected discourse that may occur when the initial linguistic interpretation is not confirmed by subsequent context (Warren, 1968) , and hence as related to mechanisms normally used to resolve ambiguities and correct errors when listening to speech (Warren and Warren, 1970; Obusek and Warren, 1973; Kaminska et al., 2000; Basirat et al., 2012) . In addition, the profound changes across the lifespan observed for the frequency and type of transformations reported by listeners are consistent with age-related changes in linguistic skills and experience (Warren, 1961b; Warren and Warren, 1966) .
It has also long been recognized that the VTE shares some common features with the temporal characteristics of the shifts in perceptual organization associated with reversible and multistable visual figures (e.g., Warren and Gregory, 1958; Ditzinger et al., 1997) ; indeed, recent research using neuroimaging has provided evidence that common functional brain networks underlie perceptual switching in auditory streaming and in verbal transformations (Kashino and Kondo, 2012) . However, it is only since the millennium that the relationship between the VTE and cues for auditory stream segregation (Bregman and Campbell, 1971; Bregman, 1990) has been explored in any detail. Pitt and Shoaf (2002) showed that the verbal transformations experienced by listeners are related to the acoustic cues that help bind together the rapidly changing and diverse sounds of speech (see, e.g., Darwin, 2008) . In particular, acoustic-phonetic elements that are periodic and have a low-frequency centroid, such as nasals, cohere better with neighbouring voiced vowels than do acoustic-phonetic elements that are aperiodic and have a high-frequency centroid, such as unvoiced fricatives, affricates, and plosives. Hence, extended repetition tends to lead to segregation of unvoiced consonants from the core vocalic parts of the stimulus into one or more streams, with the reported verbal form corresponding to the foreground percept and the unreported segments corresponding to the background. Therefore, the VTE is influenced not only by linguistic processes, but also by the cleaving off and regrouping of acousticphonetic elements in a speech stimulus. Since the establishment of this relationship, the VTE has been used as a means of investigating the role of formant transitions and the continuity of the pitch contour in holding together the speech stream (Stachurski, 2012; Stachurski et al., 2015) and of the role of lexical knowledge in the formation of speech streams (Billig et al., 2013) . All of the VTE studies considered so far involved presenting listeners with only one repeating stimulus sequence at a time. Warren and Ackroff (1976) adapted the established methods for studying the VTE to examine the effects of presenting two identical sequences at once (see also Warren, 1996) . Fig. 1 illustrates the dichotic stimulus configuration used; the two sequences were distinguished by ear of presentation and played half a cycle out of phase to prevent binaural fusion. One aim of that study was to establish whether or not the same transformations would be heard at the same time on the left and the right; another was to explore the effect of the task demands involved when listeners monitor both sequences at once. It was assumed that simultaneous and identical changes would indicate that a single set of linguistic units was involved in processing both sequences, whereas independent changes would indicate two (or more) sets of functionally separate units. Warren and Ackroff reported that changes occurred at different times at the two ears and that all listeners had periods of time during which they perceived two different forms. For example, a repeating sequence of the word "tress" might be heard at a particular time as "dress" in one ear but as "commence" in the other. That listeners heard independent changes at the two ears was taken to indicate the involvement of more than one set of linguistic units in processing the two sequences, suggesting that everyday listening under cocktail-party conditions (Cherry, 1953) typically involves the processing of speech arising from spatially distinct sources by independent lexical analysers. Note, however, that the method used did not include an accurate measure of time e the results for each trial consisted only of an ordinal list of transcribed responses flagged with the ear to which the listener was responding. Hence, the degree of independence in the responses to the two sequences was not quantified. Warren and Ackroff (1976) also briefly reported a preliminary study in which five experienced listeners heard three concurrent sequences of the same stimulus; these sequences were each offset by one-third of a cycle e one to the left ear, one to both ears (centre), and one to the right ear. Monitoring all three sequences at once was challenging even for these experienced listeners, but all of them reported independent changes at the different spatial positions. To our knowledge, only one full-scale study has followed up on these observations (Zuck, 1992) . That study used a similar configuration of three sequences but listeners were asked to monitor only one or other of them, and so the results did not provide any further insight into the independence of the transformations heard across the three sequences.
Our current understanding of the relationship between the VTE and auditory stream segregation, which is based on studies using single sequences (e.g., Pitt and Shoaf, 2002; Stachurski et al., 2015) , suggests that stimulus configurations that increase the possibilities for perceptual regrouping of acoustic-phonetic elements should facilitate the VTE. Furthermore, it also suggests an alternative or additional explanation for the independent verbal transformations for two concurrent sequences of identical stimuli observed by Warren and Ackroff (1976) . Specifically, different transformations at the two ears might be a consequence, at least in part, of independent streaming processes at the two ears that lead to independent patterns of segregation and regrouping for the acoustic-phonetic constituents of the stimulus. If this is the case, then using a stimulus configuration that lowers the likelihood of independent changes in the perceptual organization of the two sequences, relative to dichotic presentation, should decrease the independence of the verbal transformations reported for those sequences. Two experiments are reported here.
1 The first tested the hypothesis that allowing two concurrent sequences to interact in the auditory periphery would facilitate the VTE by increasing opportunities for perceptual reorganization but would also decrease the independence of the responses to the two sequences. The second experiment further explored the effects on the VTE of peripheral interaction between sequences and also extended Warren and Ackroff's research on the impact of task demands on listeners' responses to concurrent sequences.
Experiment 1
This experiment compared the patterns of verbal transformations for two concurrent sequences under dichotic presentation, in which the two sequences were isolated from one another at the auditory periphery, with those for conditions in which both sequences were present in both ears, in which the acousticphonetic constituents of the two sequences were able to interact in the same ear. The two voices were always distinguished using differences in fundamental frequency (F0), either with or without an additional lateralization cue based on ear of presentation or on interaural time difference (ITD) cues; ITD cues help listeners to track the speech of a particular talker across time (Darwin and Hukin, 1999) . Differences in F0 provide a salient concurrent segregation cue known to be important in separating speech mixtures (Brokx and Nooteboom, 1982; Bird and Darwin, 1998; Fig. 1 . Schematic illustrating the experimental setup used by Warren and Ackroff (1976) for the dichotic presentation of sequences of repeating stimulus words one half-cycle out of phase, using the example word "flame". Summers et al., 2010 Summers et al., , 2016 . To our knowledge, this is the first time that the relationship between the VTE and simultaneous grouping has been investigated. By asking listeners to monitor both sequences and recording precisely the times at which they reported each transformation, it was possible to quantify and compare the extent of independence in the responses to the two sequences across conditions. 2.1. Method 2.1.1. Overview
The experiment was conducted using a modified version of the method used by Warren and Ackroff (1976) . Listeners were presented with a series of trials, each comprising two concurrent sequences of continuously repeated tokens of a digitally modified natural utterance. Monosyllabic words were used because items with a large number of phonetic segments tend to evoke fewer verbal transformations (see, e.g., Warren, 1961a) . The tokens for the concurrent sequences were derived from the same recording of a word, but differed in that one was resynthesized on a low F0 and the other on a high F0. The two versions were played with a halfcycle offset (i.e., half the duration of the token), in order to prevent across-sequence fusion of the identical parts of the tokens (i.e., the aperiodic segments). Each sequence was 3 min long; this choice was based on the observations of Pitt and Shoaf (2002) , who found that listeners tended to stop reporting changes after that time owing to fatigue. On each trial, listeners were asked to monitor both sequences and to indicate throughout how they perceived each one of them.
There were three conditionsddiotic, ITD, and dichoticdwhich differed only in the lateralization cue used to distinguish the concurrent low-and high-F0 sequences. In the diotic condition, the only cue available for listeners to segregate the concurrent sequences from one another was the difference in F0. The ITD condition differed from the diotic case only in that opposite ITDs were applied to the two sequences. The value used (±680 ms) is around the maximum natural cue available to distinguish two sources for a typical adult male listener, such that one sequence was heard as strongly left-and the other as strongly right-lateralized. In the dichotic condition, one sequence was presented in the left ear and the other in the right. This condition resembles that used by Warren and Ackroff (1976) , except for the difference in F0 (DF0) between the two sequences. Note that the dichotic and ITD conditions both involve strong lateralization cues congruent with the DF0 cue, whereas the diotic and ITD conditions both involve the physical presence of the two sequences in both ears. This aspect of the design helped to distinguish the contributions of these factors to the transformations reported by listeners. It was hypothesized that the commonality of peripheral stimulation shared by the diotic and ITD conditions would allow perceptual regrouping of acousticphonetic elements across sequences, as well as within, which in turn would influence the number and type of VTs heard by listeners, and their degree of independence across sequences.
Listeners
This study was approved and overseen by the Aston University Ethics Committee. All listeners were native speakers of English who reported having no hearing problems. They received either cash or course credits for their participation; most listeners were Psychology students. Twelve listeners (2 males, mean age ¼ 22.2 years, SD ¼ 5.3, range ¼ 18e37) successfully completed the experiment. Two listeners showed little or no tendency to experience VTs. Given that the VTE could not be used as a tool to explore the perceptual regrouping of acoustic-phonetic elements in these listeners, their data were discarded and they were substituted with new listeners.
Stimuli and conditions
The stimuli were derived from recordings of six monosyllabic wordsd"face", "flame", "noise", "right", "see", and "sleep"dspoken by the same male talker (Summers) . All these words have been used in a number of previous studies of the VTE, and were selected on the basis that recordings of them produced a variety of verbal transformations during pilot testing. To help achieve the target duration of 550 ms per token, the talker produced several examples of each utterance with the assistance of an on-screen metronome to pace speech production. Mono recordings with 16-bit resolution and a sampling rate of 22.05 kHz were made using a Sennheiser MD 918U-T microphone (Hannover, Germany) and Santa Cruz sound card (Turtle Beach, Valhalla, New York) in a single-walled soundattenuating chamber (Industrial Acoustics 401A, Winchester, UK) housed within a quiet room. From a single recording session, instances were chosen that were clearly articulated, on a fairly flat F0 contour, and close to the target duration. Using Adobe Audition software, the target duration was matched exactly using small manual adjustments to the stimuli. This involved manipulations such as small changes to the duration of fricative bursts, by copying in or deleting a sample of steady fricative noise, or to the duration of intervals corresponding to closures in stop consonant production. For each stimulus, 5-ms linear ramps were applied at onset and offset.
The duration-adjusted and ramped version of each recording was then processed using PRAAT software (Boersma and Weenink, 2009) . Each recording was monotonized and set to one of two constant F0 values using the Pitch Synchronous Overlap and Add method (PSOLA; Moulines and Charpentier, 1990) . This timedomain manipulation identifies individual glottal pulses in the voiced segments and adjusts the time intervals between them, enabling each recording to be resynthesized on different F0s without associated changes in vocal-tract filtering. For one version, F0 ¼ 100 Hz (low F0, male range); for the other, F0 ¼ 178 Hz (high F0, female range), which corresponds to a DF0 of 10 semitones. A difference of this magnitude is known to provide a strong cue for the stream segregation of concurrent speech (e.g., Brokx and Nooteboom, 1982; Bird and Darwin, 1998) ; this difference also makes the two voices easily distinguishable and so minimizes the likelihood of confusing responses to the two sequences, even in the absence of supporting lateralization cues.
A terminal silence of 1 ms was added to each resynthesized stimulus. For the ITD condition, stereo versions of each stimulus were created using MITSYN (Henke, 2005) by introducing a delay of 15 samples on the appropriate channel (±680 ms for the sample rate of 22.05 kHz), such that the lateralization of the low-and high-F0 sequences was congruent with the dichotic condition. The delay for the ITD condition was accommodated within the terminal silence, so that the tokens used in all three conditions were precisely 551 ms long, corresponding to 327 repetitions per sequence in 3 min. In line with previous studies (e.g., Warren and Ackroff, 1976; Pitt and Shoaf, 2002) , the interval between sequentially presented tokens was kept small to facilitate maximum resegmentation and perceptual regrouping of acoustic-phonetic elements within the stimuli presented. An additional word, "train", was recorded and transformed in the same way as described above for the experimental stimuli. This word was used in the practice trial for this experiment (see below).
The presentation software was custom written in VB.Net (Microsoft Visual Studio 2005) and run on a PC. Two looping stereo buffers, starting and finishing in synchrony but half a cycle out of phase, were used to create the repeating high-and low-F0 sequences; the outputs of these buffers were summed to create the concurrent sequences presented to listeners. All stimuli were presented at~75 dB SPL (sound pressure level) using a Santa Cruz sound card (Turtle Beach, Valhalla, New York) and Sennheiser HD480-13II headphones (Hannover, Germany); outputs were calibrated using a sound-level meter (Brüel and Kjaer, Type 2209, Naerum, Denmark) coupled to the earphones by an artificial ear (Type 4153). Each 3-min presentation was faded in and out using linear ramps corresponding to one complete stimulus token (i.e., 551 ms). Fading in/out is common practice in the VTE literature; e.g., Warren (1961b) increased the volume of his sequences at onset from zero to full in 1 s. Here, this tactic also disguised the fact that one sequence began and ended in the middle of the token, owing to the half-cycle offset. In the ITD and dichotic conditions, the standard and offset sequences were left and right lateralized, respectively. Stimulus allocation was balanced such that half the listeners always received low-F0 standard and high-F0 offset sequences; the opposite configuration was used for the other half.
Task and instructions
Listeners were told that they would hear a series of short verbal utterances spoken by two voices, one with a low pitch and one with a high pitch. They were also informed that the two voices would sometimes be heard as coming from different spatial locations. Listeners were asked to speak into the microphone (Sennheiser MD 918U-T) as soon as they were able to identify what each voice appeared to be saying, irrespective of whether it was perceived as a word, phrase, pseudo-word, or non-word. Listeners used a keyboard to indicate whether their response was to the high or low voice, using the 'up' or 'down' arrow key, respectively. For example, if a listener heard "book" spoken on the high F0, they were asked to press the 'up' arrow key (thereby displaying 'HIGH' on the screen), say the word "book" into the microphone, and then release the key. Thereafter, they were asked to continue monitoring both voices and to report any perceived changes to the verbal form of either voice, using the microphone and keyboard. Listeners were told that a change (VT) might involve the current percept either changing to a new form or reverting back to a previous form, both of which they must report. Note that, on any given trial, a listener could experience an indefinite number of VTs as long as at least two forms were reported. It was emphasized that a non-response was as important as a response so that listeners did not feel pressed to make a report if they did not hear a change in verbal form. Listeners were assured that there was no right or wrong answer to how the voices should be perceived and that in some cases they may hear few if any changes during a trial. Although this task allowed for continuous monitoring of both sequences, it is acknowledged that on any occasion when listeners heard near-simultaneous transformations on both voices, task constraints prevented them from responding to both at the same time.
Recording and transcription of responses
On any 3-min trial, stimulus presentation over the headphones, recording of verbal responses over the microphone, and recording of key presses, were time-locked; all started simultaneously. Listeners' verbal responses for each 3-min presentation were saved as 8-bit audio (.wav) files at a sampling rate of 11.025 kHz. The key presses indicating the F0 of the sequence on which the change occurred were stored as text files, where each response entry comprised precision timings of when the key was pressed and released, and the identity of the key pressed (i.e., 'up' or 'down' arrow). It was therefore possible accurately to assign verbal responses to individual key presses. For each text file entry, the experimenter searched the corresponding audio file for a verbal response occurring in the interval between the depression and release of the key and added a transcription; the identity of the key indicated the voice to which the response was made. The initial response to each voice was allocated a nominal time of 0 s. For subsequent responses to each voice, the time (since the start of the trial) at which the key was pressed was taken as the moment of perceptual change to that reported verbal form. On any trial for which there were no subsequent responses, the time to the first VT was assigned a nominal value of 180 s. On occasions when a listener accidentally reported the same verbal form twice in succession on the same voice, the second response was discounted.
Procedure
Listeners attended three testing sessions, each corresponding to one of the three lateralization conditions. Each session lasted 30 min and took place on a different day. Listeners read the instructions at the start of the first session, after which the experimenter reiterated what was involved and answered any questions arising. The main part of the test session comprised six trials from the main experiment e each using a 3-min presentation consisting of two repeating versions of the same stimulus word, one on the low and the other on the high F0. Before the experimental trials began, listeners completed a practice trial comprising a 1-min presentation of the word "train", processed in the same way as for the ITD condition. Listeners were given a 1-min break between each trial. Subsequent test sessions comprised a brief recap of the instructions followed by the six experimental trials. Within each session, trials using particular words were presented in random order. The order of the three sessions (conditions) was fully counterbalanced across participants, requiring six people to complete a full set; the experiment comprised two sets of listeners.
Data analysis
For each combination of lateralization cue (none, 680-ms ITD, or ear of presentation), F0 (low or high) and stimulus word, four measures were calculated from the responses on each trial e the number of VTs, the number of forms (defined as cases where a given response had not occurred before on that trial e including the initial response, which is not a transformation), the time from the start of the trial to the first VT, and the percentage of time during the trial (the 'dwell time') for which the initial form was reported. The first three measures have been used widely in studies of the VTE since the pioneering research by Warren; to our knowledge, the fourth measure was first introduced by Ditzinger et al. (1997) . We also devised three customized indices to explore the relatedness of responses across the concurrent sequences. To compute them, the responses were first divided into two classes e those where the preceding and/or following response was to the sequence on the other F0 (type 1) and the rest (type 2), for which the adjacent responses were to the same sequence as the current response. The initial responses to the two sequences were excluded as they are not transformations. The dependency index corresponds to the proportion of type 1 responses for which an adjacent response on the other F0 was of the same form as the current response and the intervening-responses index corresponds to the proportion of the total responses that were type 2. The temporaloverlap index corresponds to the proportion of time after the first VT during which the responses (irrespective of type) to the two sequences were of the same form as one another, including returns to the original form. Fig. 2 illustrates how the four VTE measures and the three indices were computed. The following two paragraphs explain in more detail these indices, their computation, and the reasoning behind them.
All three indices were computed only for those trials in which at least one VT occurred 150 s from stimulus onset; this approach was made possible by collapsing across stimulus word. By ensuring that there was at least 30 s from the first VT to the end of the trial, we ensured that the estimates obtained were meaningful (e.g., avoiding undefined values for nil responses) and more stable. The dependency index was computed from the set of dependency scores, one for each type 1 response. Type 2 responses were excluded from the calculations because they were cases where the form reported on a given sequence had already changed before the next response on the other sequence. For a given type 1 response (R), the score was set to 1 (hit) if either the preceding or subsequent response on the other sequence was the same; otherwise, the score for R was set to 0 (miss). Given that each across-sequence relationship involved two responses, the total dependency score (if > 0) for any pair of sequences was always an even number. The scores were summed across the two sequences and the total number of hits was divided by the total number of type 1 responses to obtain the dependency index for that sequence pair. This method takes into account that every across-sequence relationship was scored as 2, so that possible values for the dependency index ranged from 0 (VTs were fully independent/unrelated across sequences) to 1 (fully dependent/related). The focus here was on first-order dependencies; there was no a priori reason to expect higher-order dependencies.
The temporal-overlap index was important for interpreting any observed differences in the dependency index between lateralization conditions. This is because, in principle, there is a circumstance in which a fall in the dependency index could occur without a change in the degree to which responses to the two sequences are related. Specifically, this is where there is an increase in the proportion of anti-correlated responses to the two sequences (i.e., a relationship where a response of a given form to one sequence decreases the likelihood of the same response to the other sequence). Such a change would, however, also result in a fall in the temporal-overlap index. Hence, a substantial fall in the dependency index in the context of relative constancy in the extent of temporal overlap was interpreted as indicating that the responses to the concurrent sequences were indeed more independent of one another, and was not simply an artefact of a change from more correlated towards more anti-correlated responses. The intervening-responses index was included to indicate the extent (if any) to which the proportion of type 2 responses varied across conditions.
The results were analysed in SPSS (IBM, version 21) using within-subjects analysis of variance (ANOVA). The GreenhouseGeisser correction was applied to the degrees of freedom for all terms where Mauchly's test indicated a significant departure from sphericity. Pairwise comparisons were performed using Fisher's least significant difference (LSD) test, with the restriction that the factor being explored must be associated with a significant effect in the ANOVA (the restricted LSD test; Snedecor and Cochran, 1967; Keppel, 1991) . The measure of effect size reported here is partial eta squared (h 2 p ).
Results and discussion
2.2.1. Effects of lateralization condition, F0 value, and stimulus word on VTE responses to each sequence
The panels of Fig. 3 summarize the results for the four VTE measures useddnumber of VTs and forms (per 3-min trial), time to the first VT, and dwell time of the initial formdwhen averaged across stimulus words. A three-way ANOVA (3 lateralizations, 2 F0 values, 6 words) was performed on each measure and the statistical outcomes are presented in Table 1 ; significant pairwise comparisons between conditions are also shown in Fig. 3 . Given the skewed distribution of times to the first VT and the substantial overall proportion of nil responses (25.0%; all assigned a nominal value of 180 s), which cannot be corrected using a simple transformation, the median times to the first VT are also shown.
According to the main hypothesis, presenting both sequences in both ears (diotic and ITD conditions) should increase the number of VTs and forms and decrease the time to the first VT and the dwell time of the initial form, relative to the dichotic condition. There was a significant main effect of lateralization condition for number of forms (p ¼ 0.003), time to first VT (p < 0.001), and dwell time of the Fig. 2 . Schematic illustrating how the four VTE measures were computed for each sequence and how the three indices comparing responses across two concurrent sequences were computed, using the example stimulus word "right" (see text for full details). Responses were classified as type 1 when the preceding and/or following response was on the other F0; the rest were classified as type 2. The dependency index is defined as the proportion of type 1 responses for which an adjacent response on the other F0 was of the same form as the current response (i.e., total hits divided by total number of type 1 responses). The temporal-overlap index is defined as the proportion of time after the first VT for which the same form was reported for both sequences; the time periods (after the first VT) during which this was the case are shown in this figure as shaded areas. The intervening-responses index is defined as the proportion of the total responses that were type 2.
initial form (p ¼ 0.008). For all these measures, the effect was in the predicted direction e pairwise comparisons showed that dichotic presentation resulted in significantly fewer forms, later first VTs, and a greater dwell time of the initial form than when both sequences were presented to both ears (range: p ¼ 0.039 e p ¼ 0.001); the results for the diotic and ITD conditions did not differ from one another. Consistent with our interpretation of the effect of lateralization condition on the VTE, the difference between the medians for the dichotic condition and the other cases was even more pronounced than that for the means. The direction of the effect of lateralization on the number of VTs was in accord with the main hypothesis, but was not significant (p ¼ 0.139). This result is in line with earlier observations that there is often more variability across stimuli and listeners for the number of VTs reported than for the number of forms (e.g., Lass et al., 1973; Warren, 1996; Stachurski et al., 2015) .
There was no a priori hypothesis about the effect of F0 value; the DF0 between the two sequences was intended simply to provide a concurrent segregation cue that would be effective even in the absence of lateralization cues. Across all four VTE measures, there was a significant main effect of F0 value (range: p ¼ 0.043 e p ¼ 0.003). Responses to the high-F0 sequence were typically associated with more VTs, more forms, a shorter time to the first VT, and a reduced dwell time of the initial form. The reason for this outcome is unclear, but may be related to the need for listeners to divide their attention between the two voices. There was also a significant main effect of stimulus word across all four measures (p 0.003); this outcome is unsurprising because the likelihood of perceptual reorganization when a particular speech stimulus is presented under extended repetition depends on the acoustic diversity of the phonetic segments, such as differences in source excitation and spectral centroid, and the acoustic cues binding them together into a single stream, such as formant transitions and the F0 contour (Cole and Scott, 1973; Dorman et al., 1975; Darwin and Bethell-Fox, 1977; Stachurski et al., 2015 ; see also David et al., 2017) . For example, a voiceless fricative is typically bound less strongly than a voiced nasal or approximant to the core vowel of a syllable. Appendix A shows the results separately for each stimulus word when collapsed across lateralization condition and F0 value. Note that, as might be expected, stimulus words associated with a greater number of VTs and forms were typically associated with shorter times to the first VT and dwell times of the initial form. None of the interaction terms were significant for the measures number of VTs, time to first VT, and dwell time of the initial form. The only significant interaction was between lateralization and word for the number of forms (p ¼ 0.049); this mainly arose because a particularly high number of forms was reported for the words "face" and "sleep" in the diotic and ITD conditions compared with the dichotic case. This pattern suggests that the impact on forms of whether or not the two sequences can interact within the same ear depends to some extent on the acoustic properties of Fig. 3 . Results for experiment 1 e Effects of differences in lateralization condition between two concurrent sequences of repeating stimulus words on the verbal transformation effect. These sequences were always distinguished by a difference in fundamental frequency. The results are shown in four panels: the number of verbal transformations (top left) and verbal forms (top right) reported in 3 min, the time to the first verbal transformation reported (bottom left), and the dwell time of the initial form (bottom right). Means (n ¼ 12) and inter-subject standard errors are shown for each condition; significant pairwise comparisons are indicated using brackets and significance levels using asterisks (* ¼ <5%, ** ¼ <1%). For each of the four measures used, the results for the low-F0 sequence (L) and the high-F0 sequence (H) are shown separately on the left-hand and right-hand sides of the overall mean using leftward-and rightward-pointing triangles, respectively. The bottom left panel also shows the median times to the first verbal transformation (embedded open circles).
individual stimulus words.
Overall, the results support the hypothesis that the physical presence of the two sequences in both ears (diotic and ITD conditions) provided extra opportunities for the regrouping of acousticphonetic elements compared with dichotic presentation. Note, however, that the dual-monitoring method used here required listeners to divide their attention between the two voices and so is likely to have underestimated the transformations associated with each sequence (cf. Warren and Ackroff, 1976 ). This issue is considered further in experiment 2.
Comparison of VTE responses across sequences within concurrent pairs
The panels of Fig. 4 summarize the results for the three indices (dependency, temporal overlap, intervening responses), which together describe the relationship between the set of responses to one sequence and to the other. Computing these indices involved comparing responses across corresponding low-and high-F0 sequences and collapsing across stimulus word, and so neither F0 value nor word were factors in the statistical analysis. 33.8% of trials did not meet the inclusion criterion (first VT 150 s from stimulus onset) and so were excluded from the computation. To assess the effect of lateralization condition, a one-way ANOVA was performed on each measure and the statistical outcomes are presented in Table 2 ; significant effects are also shown in Fig. 4 .
The results of Warren and Ackroff (1976) suggest that the VTs reported for the two sequences should be relatively independent of each other in the dichotic condition. It was predicted that presenting both sequences in both ears (diotic and ITD conditions), allowing within-ear interactions between them, would decrease the extent of this independence. There was a significant effect of lateralization condition for the dependency index (p < 0.05), but not for the temporal-overlap (p ¼ 0.376) or intervening-response (p ¼ 0.926) indices. As predicted, pairwise comparisons with the dichotic condition showed that responses to the two sequences gave rise to a higher dependency index in the diotic (p ¼ 0.047) and ITD (p ¼ 0.035) conditions, for which the value of this index was nearly double that for the dichotic case. The results for the diotic and ITD conditions did not differ from one another. Given that there were no significant differences in the temporal-overlap index across lateralization conditions, it seems likely that the significantly lower dependency index found for the dichotic condition was not a spurious consequence of a greater anti-correlation in the responses to the two sequences but instead shows a genuinely greater independence of those responses. Also, the high degree of similarity across conditions in the proportion of type 2 responses rules out any possibility that the dependency index might have been affected in some unanticipated way by the proportion of intervening responses. Notwithstanding the significant difference between the dichotic and the other lateralization conditions, it is noteworthy that most VTs were fairly independent across sequences in a concurrent pair even when both sequences were physically present in both ears (dependency index was typically <0.5). In this regard, note that for a finite set of forms, the dependency index would be non-zero even when there is no underlying connection between the responses to the two sequences.
Experiment 2
Warren and Ackroff's (1976) study included a comparison of responses to dichotic presentation of identical concurrent sequences when both sequences were monitored at once with when only one or other ear was monitored. There were significantly fewer responses for the report-both condition than for the combination of report-left and report-right conditions. The experiment reported here used diotic presentation to examine how verbal transformations for a sequence were influenced by the increased opportunities for perceptual regrouping offered by the presence of another sequence in the same ear and by the impact of the task demands of monitoring both at once. This was achieved by comparing responses in three circumstances e one sequence presented and reported, two sequences presented but only one reported, and two sequences presented and both reported. It was anticipated that presenting both sequences concurrently but asking listeners to monitor only one or other of them would best reveal the extent to which verbal transformations were increased by the possibility of within-ear interactions between the two sequences. The two sequences were always distinguished only by a difference in F0. Note that an outcome indicating a high cost of dual monitoring in the absence of lateralization cues would favour an account in which the task demands arise from the need for listeners to divide their attention between two streams, rather than specifically between two spatial positions.
Method
Except where stated, the same method was used as for experiment 1. Fifteen listeners (3 males, mean age ¼ 22.5 years, SD ¼ 3.0, range ¼ 18e30) successfully completed the experiment; none of them took part in experiment 1. Test sequences were generated using the same set of stimulus words as for experiment 1; all sequences were presented diotically (i.e., without lateralization cues). There were three conditions, which differed only in terms of the number of sequences presented (S1 or S2) and the number of sequences to which listeners had to attend and respond (R1 or R2). In Condition S1R1, each 3-min presentation consisted of an on-going repetition of a single stimulus word, either on the low or the high F0. In Condition S2R1, each 3-min presentation consisted of two concurrent sequences played half a cycle out of phase, one on the high and the other on the low F0, and listeners were required to monitor and respond only to one or other of them (as instructed). Condition S2R2 differed only in that listeners were required to monitor and respond to both sequences concurrently. Hence, Condition S2R2 was identical to the diotic condition in experiment 1. The same response protocol was used in all three conditions e i.e., listeners were asked to respond by pressing the key corresponding to the pitch of the appropriate voice, speaking the verbal form that they heard on that voice into the microphone, and releasing the key.
Each listener completed the full set of conditions in five sessions by completing one test block per session. These test blocks, identified by condition label and the sequence F0 (or F0s) attended, were as follows:
. Test blocks were counterbalanced across listeners using a simple five-cycle rotation, such that the set order for the first listener was 1-2-3-4-5, the order for the second was 2-3-4-5-1, and so forth. The first and subsequent sessions all included a 1-min practice trial, using the stimulus word "train". The stimulus and response characteristics for this trial were configured in the same way as for the experimental trials in that block. VTs, verbal forms, the time to the first VT, and the dwell time of the initial form were transcribed and calculated as before.
Results and discussion
The results for the four VTE measures are summarized in Fig. 5 . A three-way ANOVA (3 conditions, 2 F0 values, 6 words) was Fig. 4 . Results for experiment 1 e Effects of differences in lateralization condition on the relatedness of the forms reported across the two sequences. The results are shown in three panels for the three indices: the dependency index (top), the temporal-overlap index (middle), and the intervening-responses index (bottom). Means (n ¼ 12) and inter-subject standard errors are shown for each condition; significant pairwise comparisons are indicated using brackets and significance levels using asterisks (* ¼ <5%, ** ¼ <1%).
Table 2
Results for experiment 1. Summary of the one-way repeated-measures ANOVAs for the three indices, exploring the effects of lateralization condition. Where necessary, the Greenhouse-Geisser correction was applied to the degrees of freedom. All significant terms are shown in bold. Where there is a significant effect of lateralization, pairwise comparisons within that factor are also shown. performed on each measure and the statistical outcomes are presented in Table 3 ; significant pairwise comparisons between conditions are also shown in Fig. 5 . The listeners in this experiment (none of whom took part in experiment 1) showed a greater overall tendency to produce VTs in Condition S2R2 than for its direct counterpart in experiment 1 (the diotic condition). Hence, the proportion of nil responses for the measure time to first VT was less than half that observed in experiment 1. Nonetheless, this proportion remained considerable (10.9%), and so as before the median times to the first VT are also shown. The results of experiment 1 are in accord with the idea that presenting two sequences of repeating words in both ears facilitates perceptual regrouping, which for both sequences tends to increase the number of VTs and forms reported and to decrease the time to the first VT and the dwell time of the initial form. Here, it was predicted that this pattern would be most evident for the comparison between Conditions S1R1 and S2R1, because in the latter case the presence of the unmonitored sequence should increase opportunities for VTs to be heard on the monitored sequence. It was also predicted that the divided attention necessary to monitor both sequences concurrently (Condition S2R2) would inevitably tend to reduce the number of VTs reported, with attendant changes in the other VTE measures, despite an assumption of no change in the underlying tendency to experience VTs.
Part (a): Effects of lateralization condition (L) on the three indices
There were significant main effects of condition for all four measures e number of VTs (p ¼ 0.048), number of forms (p ¼ 0.043), time to first VT (p ¼ 0.018), and dwell time of the initial form (p < 0.001). The origin of these effects was explored using pairwise comparisons, which indicated patterns consistent with the predictions. When listeners monitored only one sequence (S1R1 vs. S2R1), the presence of a concurrent but unattended sequence resulted in significantly more forms (p ¼ 0.012), a shorter time to the first VT (p ¼ 0.008), and a reduced dwell time of the initial form (p < 0.001); the outcome for number of VTs was in the predicted direction but was not significant. When listeners received both sequences at once (S2R1 vs. S2R2), monitoring only one or other of them resulted in significantly more reports of VTs (p ¼ 0.013) and a shorter time to the first VT (p ¼ 0.036), compared with when attention was divided across the two sequences. This outcome suggests that the task demands of monitoring both sequences arise mainly from the need to divide attention across streams (high vs. low F0) rather than specifically across spatial positions (left vs. right). Note that an account for the greater number of VTs reported in S2R1 than S2R2 based on confusions with VTs heard on the unattended sequence seems implausible given the large difference in F0 distinguishing the two voices. The result for forms was in the expected direction but was not significant; the mean dwell time of the initial form was almost identical for these two conditions. Consistent with these outcomes, the only significant pairwise comparison for S1R1 vs. S2R2 was the shorter dwell time of the initial form in the latter case (p ¼ 0.001). Unlike the clear asymmetries evident for F0 value in the results of experiment 1, there was no main effect of F0 on any measure in this experiment. Note that neither of the direct counterparts from the two experiments (condition labels ¼ diotic and S2R2) showed much asymmetry between the low and high F0 cases (despite the lack of a significant interaction between lateralization condition and F0 on any VTE measure in experiment 1). Rather, the asymmetries seen in experiment 1 were associated mainly with the ITD and dichotic conditions, for which monitoring both sequences involved on-going shifts of attention between different spatial positions as well as between different pitch ranges. Although speculative, this pattern suggests that the prevailing high task demands of divided spatial attention tend to have a more adverse effect on reporting VTs for the voice with the low F0 than for the voice with the high F0. Presumably, the high-F0 voice is more salient and so gains a preferential focus for monitoring when the costs of dividing attention between the two F0s are reinforced by a congruent lateralization cue.
Consistent with the results for experiment 1, there was a significant main effect of stimulus word (p 0.003) for three of the four measures; there was also a trend towards significance for the number of VTs reported (p ¼ 0.055). Appendix B shows the results for each stimulus word when collapsed across condition and F0 value. The only significant interactions occurred for the dwell time of the initial form. The interaction between F0 and word mainly arose because the dwell time was greater on the low F0 for the words "face", "flame", and "sleep", but greater on the high F0 for the words "right", "noise", and "sleep". The three-way interaction arose mainly because the dwell time of the initial form showed little dependence on either F0 or word when only one sequence was present, but when two sequences were present at once the dwell time was strongly dependent on the stimulus word for the high F0 but not for the low F0.
General discussion
The results support the idea that perceptual segregation and regrouping contribute to the VTE (Pitt and Shoaf, 2002; Stachurski et al., 2015) . Specifically, when two sequences are present in both ears, the greater opportunity this affords for the regrouping of acoustic-phonetic elements typically increases the number of forms heard, speeds up the time to the first VT, and reduces the dwell time of the initial form. This outcome was observed regardless of whether the two voices were distinguished by F0 alone or also by ITD cues for different lateralization. Although the experiments reported here did not explicitly examine constraints on the regroupings possible when two sequences are present in the same ear at the same time, it seems likely that the substantial DF0 between the two voices would have limited the opportunities for combining together vocalic parts from both sequences. Using dichotic presentation of concurrent sequences, Warren and Ackroff (1976) found that the cost of dividing attention between two sequences when required to monitor both at once led to an underestimation of the transformations that occurred for each sequence; the current study has shown that this finding extends to cases where the sequences are distinguished only by F0. The effects of F0 on the VTE observed in experiment 1 were most probably a consequence of the task demands of dual monitoring observed in experiment 2.
To our knowledge, hitherto there has been no quantitative analysis of the degree of independence between the transformations reported on the two sequences. The analysis used here supports the notion that responses across the two sequences are relatively independent of one another, but shows that the degree of independence is modulated to some extent by the stimulus configuration used. Specifically, presenting both sequences in both ears (the diotic and ITD conditions) significantly lowered the degree of independence relative to the dichotic case. Nonetheless, listeners still heard the same form for both voices only~35% of the time after the first transformation. Note that the finding of fairly independent transformations for concurrent sequences that are not presented to separate ears indicates that the locus for the processes of perceptual organization and linguistic interpretation driving the VTE is the auditory object (i.e., hearing two voices), not the ear of presentation receiving the input. For the concurrent presentation of two sequences, our assumption is that the specific verbal form heard for a given sequence at a particular time arises from an interaction between the neural representation of that sequence in its current state of perceptual organization and the relative extents of adaptation of the linguistic units activated by that neural representation. Although speculative, it seems likely that the partial loss of independence associated with concurrent presentation in the same ear indicates fewer independent changes in the perceptual organization of the two sequences, rather than less independence of the satiation and recovery of the linguistic units responding to each voice. The finding that the perceptual organization of concurrent sequences is not entirely independent even when dichotic presentation precludes their interaction in the peripheral auditory system is not surprising given the range of central factors known to influence perceptual organization. For general auditory grouping, these factors include attention and switching attention (e.g., Cusack et al., 2004) , and the effects of pattern regularity on stream formation and stabilization (e.g., Bendixen et al., 2010; Devergie et al., 2010) . For the perceptual organization of speech, additional factors include articulatory constraints (e.g., Basirat et al., 2012) and lexical constraints (e.g., Billig et al., 2013) . Listening to speech in the presence of other speech is commonplace and doing so involves concurrent segregation, as in the VTE study reported here. These circumstances typically lead to even more degraded and ambiguous acoustic cues to a spoken message than occur for speech in quiet, owing to energetic and informational masking between voices. The results of the study reported here are in accord with the notion that a comprehensive account of spoken word recognition must involve reciprocal interactions between auditory stream segregation and linguistic knowledge, whereby each affects the other (Billig et al., 2013) .
Future research might apply the approach taken here to stimuli like those used in the VTE study by Stachurski et al. (2015) . They removed some of the continuity cues from a sequence comprising a repeating word by deleting formant transitions between adjacent phonetic segments or by inserting abrupt changes into the F0 contour. The effect of these manipulations was to increase the number of forms heard and to decrease the time to the first VT, which is in accord with the idea that the perceptual cleaving and regrouping of acoustic-phonetic elements plays an important role in the VTE (Pitt and Shoaf, 2002) . One might predict a particularly large number of forms and a short time to the first VT if concurrent sequences are presented following the removal of acoustic continuity cues linking adjacent phonetic segments. It may also prove informative to repeat the experiments reported here but using a smaller DF0. A difference of only 3e4 semitones is sufficient to provide an effective cue for segregating concurrent speech (e.g., Brokx and Nooteboom, 1982; Bird and Darwin, 1998) , but using sequences less distinct in voice pitch may affect listeners' responses in two ways. Specifically, there is a greater likelihood of confusing responses to the two sequences and also of perceptual reorganizations that involve combining together vocalic parts from both sequences. Separating the contributions of these factors may prove challenging, but one might expect to see differences emerging between the diotic and ITD conditions if confusions between sequences become an important factor when DF0 is small. This is because, unlike the diotic condition, the ITD condition involves a salient lateralization cue that helps distinguish between the two sequences even when the difference in voice pitch is small.
In conclusion, the VTE provides a rich paradigm for investigating the processes underlying the perceptual organization and recognition of speech. Here, we used concurrent sequences of a repeating word on different F0s to extend this investigation to circumstances more akin to those where cocktail-party listening conditions prevail (Cherry, 1953) . The main finding is that the VTE is facilitated when two sequences are able to interact in the peripheral auditory system, which we interpret as arising from the greater opportunities this provides for the perceptual regrouping of acousticphonetic elements (Pitt and Shoaf, 2002) . The other result of within-ear interaction is a fall in the degree of independence of responses to the two sequences, which we interpret as arising from less independent perceptual organization of the two sequences rather than from less independence of the linguistic units activated by those organizations. Finally, the high task demands of monitoring two sequences at once lead to fewer reports of transformations. The results for diotic presentation show that this outcome arises mainly from dividing attention across auditory objects rather than across spatial positions.
